We develop a compact in situ Mueller-matrix polarimetry (MMP) based on binary polarization rotators for on-machine optical processing measurements. The presented in situ MMP could measure the polarization properties of free-space reflective samples by analyzing Muller matrices of samples. We design a compact polarization analysis probe that contains binary magneto-optic (MO) polarization rotators based on polarization state generator (PSG) and polarization state analyzer (PSA) pair with free-space optics components, which is very suitable for in situ measurements of optical machining. In the experiments, measured phase retardations of the commercial liquid crystal retarder by the presented MMP agree well with the manufacturer's test data. The standard deviation of repeat experimental results is 0.000227 rad corresponding to the birefringent optical path difference of 0.0560 nm. We measure two-dimensional (2D) maps of phase retardation, degree of polarization (DOP) and polarization dependent loss (PDL) of different materials. Especially, this MMP can detect the residual stress on normal glass and the compressive stress on tempered glass, which is very helpful for optical machining. This MMP can also effectively detect the external force induced birefringence on the transparent plastic sheet and the thermal stress induced tiny birefringence on the slide glass.
I. INTRODUCTION
Polarimetry can provide powerful diagnostic, sensing, analytical, and metrology tools in many applications of physical, chemical, and biological sciences [1] . For example, polarimetry can measure strain distribution on the crystal or glass [2] . Polarimetry also receives considerable attention for biomedical application. It can provide polarization information including birefringence, diattenuation and The associate editor coordinating the review of this manuscript and approving it for publication was Sukhdev Roy. depolarization of biological tissue compared with only intensity information by a camera, which is very useful for oncology [3] dermatology [4] , [5] osteology [6] , diabetology [7] etc. Polarimetry also can measure internal residual stresses on the silicon wafer in the silicon solar cell industry [8] . Muellermatrix polarimetry (MMP) is a typical polarimetry and can determine full polarimetric elements of Mueller matrix of a sample. The widely used MMP structure is dual-rotatingretarder MMP [9] . The modified structure with no moving part is MMP with four variable phase linear retarders such as liquid-crystal [10] , Pockels cell retarders [11] , photoelastic VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ modulators [12] and so on. In addition, MMP with novel polarization state detection technologies can reduce measurement time such as four photoderectors [13] , polarization gratings [14] and so on. The commercial MMPs can achieve polarization measurements with very high accuracy [15] . The MMPs above mentioned are usually desktop based equipment, because they are mainly based on bulk free-space optics with many complex and bulky free-space optics components. The common MMPs are not suitable for applications with requiring real time in situ measurements. MMP is a fundamental measurement tool to obtain a well processing performance. Traditional MMPs usually are needed to be operated off-line. The measurement results contain systematic errors due to machines error motions. If the MMP can realize measurement in situ and on-machine simultaneously, the errors caused by moving and re-positioning the work piece are avoided. In addition, on-machine MMP can use the machine axes to extend the measuring range and improve the measurement efficiency [16] . The size of on-machine in situ MMP device is needed to be miniaturized greatly compared with common MMPs. The research of on-machine in situ MMP is very limited. However, in medical clinic applications, MMPs have been fabricated to endoscopes for real time diagnostic and surgical guidance applications by proper miniaturization [17] - [19] , which verifies that it is feasible to design an on-machine in situ MMP.
To miniaturize MMP, the polarization measurement system for optical fiber and fiber components can be considered to build up a compact in situ MMP. Magneto-optic (MO) crystals based on polarimeters are attracted considerable interest as a result of their no-mechanical movement and fast speed [20] - [22] . We presented an optical fiber polarization measurement system by binary polarization rotators consisting of MO crystals for polarization state generator (PSG) and polarization state analyzer (PSA) [23] - [25] . This system can accurately measure an optical fiber and fiber based component's polarization dependent loss (PDL), polarization mode dispersion (PMD), retardation, and birefringence as a results of utilizing the binary polarization MO rotators with high repeatability, which removes complicated and low repeatability methods to compensate for moving mechanical components and imperfections of the optical components in analog systems [23] - [26] . In addition, PSA by binary MO polarization rotators can achieve a self-calibration to reduce the effects of temperature and wavelength changing on the measurement accuracy [24] .
In this paper, we develop a compact in situ MMP device based on binary polarization rotators for in situ optical machining measurements, which is extended from the optical fiber polarization measurement system [23] . The presented in situ MMP can measure the polarization properties of freespace reflective samples by analyzing Muller matrices of samples. The key device in this MMP is a compact polarization analysis probe that contains binary MO polarization rotators based on PSG and PSA pair with free-space optics components. This module as a probe has a small size [71mm (L) × 28mm (W) × 25mm (H)], which is very suitable to in situ measurements for optical machining. The laser source, photo-detector, data acquisition, power and computer can be remotely connected with the polarization analysis probe by optical fiber and electric wires. In the experiments, we use a commercial liquid crystal retarder to verify measured phase retardation by our presented MMP. The results demonstrate a good agreement between the measured phase retardation from the presented MMP and the manufacturer's test data of the commercial liquid crystal retarder. We verify the repeatability of this MMP by measuring the phase retardation of a plane mirror surface 1000 times and the standard deviation of the results is 0.000227 rad corresponding to the birefringent optical path difference of 0.0560 nm. We also measure two-dimensional (2D) maps of phase retardation, degree of polarization (DOP) and PDL of different materials, such as silicon wafer, smooth aluminum piece, transparent plastic sheet, white tape and coarse wooden block by this MMP. These results can represent the polarization properties of different materials. Especially, this MMP can detect the residual stress on normal glass and the compressive stress on the tempered glass, which is very helpful for optical machining. This MMP can also effectively detect external force induced birefringence on the transparent plastic sheet and the thermal stress induced tiny birefringence on the slide glass.
II. METHOD A. HARDWARE CONFIGURATION
The hardware configuration of MMP system based on binary polarization rotators is illustrated in Fig. 1(a) . It consists of a 1550.02 nm distributed feedback (DFB) laser source with a polarization-maintaining (PM) output, a polarization analysis probe, a photo-detector (PDA 10CS-ES, Thorlabs Inc.), a data acquisition (DAQ) board (USB-6210, National Instrument Inc.) and a computer. The light from the laser source enters into the polarization analysis probe by passing through a PM fiber. The polarization analysis probe includes PSG, PSA, free-space optics components and drive circuit. The PSG and PSA each contain 6 binary MO polarization rotators, a quarter-wave plate (QWP) and a polarizer. The basic principles of PSG and PSA in proposed MMP are based on [24] and [25] . However, the PSG in [24] and PSA in [25] are only suitable for optical fiber measurements, which cannot be used for in situ polarization properties measurements of freespace reflective samples in optical machining. We redesign a compact PSG and PSA pair for free-space reflective samples measurements. This light is firstly sent to the PSG by a collimator and the slow axis of the laser source is aligned to the axis of polarizer in the PSG by a PM fiber. Each binary MO rotator in the PSG can rotate the state of polarization (SOP) to generate six distinctive SOPs. The MO rotators made from magnetic Garnet crystal can rotate the input SOP by a precise angle around 22.5 • or −22.5 • when a positive or negative magnetic field above a saturation magnetic field (∼ 100 Oe) is FIGURE 1. Hardware configuration of Mueller-matrix polarimetry system based on binary polarization rotators. PSG is polarization state generator, PSA is polarization state analyzer, MO is magneto-optic crystals. DAQ is data acquisition card. MCU is microcontroller unit. PM fiber is polarization-maintaining fiber. MM fiber is multimode fiber. QWP is a quarter wave plate. The polarization analysis probe contains binary MO polarization rotators based PSG and PSA pair with free-space optics components. Sample is configured on a motor stage of optical machining that can achieve two-dimensional moving. The photograph of polarization state analyzer module is also shown. The size of the module is 71mm (L) × 28mm (W) × 25mm (H). applied respectively. The magnetic field is generated by a micro coil with a driving current of 80 mA [27] . In detail, this MO rotator has features as below: When a positive magnetic field is applied on MO crystals above a saturation field, the MO rotator rotates the SOP by an angle of 22.5 degrees. When a negative magnetic field is applied on MO crystals beyond saturation, the MO rotator rotates the SOP by an angle of −22.5 degrees [24] . Here we choose four distinctive SOPs as vertically, −45 • linearly, right-hand and left-hand circularly polarized light generated by the PSG. Then the light is projected on the sample by passing through the beam splitter and lens. The reflected light from the sample surface returns to the PSA by passing through the lens, beam splitter and mirror. The output light from the PSA is sent to photodetector by a multimode (MM) fiber that has a larger numerical aperture than a single-mode fiber. The PSA can accurately measure SOP and DOP of light entering it and can also be selfcalibrated to automatically extract the effects of wavelength and temperature on the measurement accuracy [24] . Sample is configured on a motor stage of optical machining that can achieve 2D moving. The minimum measurement time of MMP for one point (one pixel in 2D map) is 6.4 ms. The motor stage moves one step after a measurement is completed by the MMP. Figure 1 also shows the actual shape and size of the polarization analysis module. It can be seen that the size of the module is small [71mm (L) × 28mm (W) × 25mm (H)] by comparing with a ruler.
B. THEORY
The presented MMP is used to measure the linear birefringence induced phase retardation of sample that can represent the residual stress on the surface of the sample in the optical machining. The theories of this MMP are derived from optical fiber based PSG, PSA and polarization measurement system in [23]- [25] , here we systematically introduce them.
The light from the laser passes through the PSG, sample and PSA successively, so we can get (1) as below:
where S PSG i represents the Stokes vector of light output PSG, M S is the Mueller matrix of sample to be tested, and S PGA i represents the Stokes vector measured by the PSA after the light reflects from the sample's surface. Since M S is a 4×4g matrix, four non-degenerate input SOPs generated by the PSG and analyzed by the PSA can be enough to calculate M S and i = 1, 2, 3, 4. We can express (1) as: 
Based on (3), if we obtain the matrices S PSG and S PSA , M S can be calculated. The next Sections will introduce how to obtain S PSG and S PSA .
1) OBTAINING THE MATRIX S PSG
The Stokes vector S PSG i generated by the PSG can be calculated by multiplying the Mueller matrices of all components in the PSG shown in Fig. 1 . The Mueller matrices of the first two MO rotators before the QWP M PSG R1 and the four MO rotators after the QWP M PSG R2 in the PSG can be expressed as, respectively:
where ξ is the first two MO rotators before the QWP rotating angle and ϕ is the four MO rotators after the QWP rotating angle in the PSG. To an ideal QWP in the PSG, the optical axis direction of the QWP is aligned to the optical axis of the polarizer, the Mueller matrix of the QWP M PSG QWP in the PSG can be written as:
When the light from the laser passes through the polarizer in the PSG, it becomes a horizontally polarized light 1 1 0 0 T , where T donates matrix transpose. According to (4) and (5), S PSG i can be calculated by (6):
Ideally, ξ has the values of −45 • , 0 • and 45 • . ϕ has the values of −90 • , −45 • , 0, 45 • and 90 • . We can get six distinctive SOPs by Eq. (6) and they are respectively horizontally, vertically, positive and negative 45 • linearly, left-hand and right-hand circularly polarized light. We choose vertically, −45 • linearly, right-hand and left-hand circularly as four input SOPs generated by the PSG to measure the retardation of sample. We assume that an input matrix S PSG consists of these four distinctive SOPs, so S PSG can be expressed as:
A difference between input SOPs generated by the PSG and desired polarization states still occurs, which is a main error source for this MMP. The PSG is calibrated to generate the vertically, −45 • linearly, right-hand and left-hand circularly polarized light at the wavelength of 1550 nm and the room temperature of 25 • C. In the experiment, we use the laser source with a wavelength of 1550 nm and control the room temperature at 25 • C. We measure SOPs generated by the PSG in MMP using a free-space polarimeter and the results are shown in Table 1 .
From Table 1 , there is a difference between input SOPs generated by the PSG and desired polarization states, which is a main error source for our presented MMP system. Since the components in the PSG such as MO rotators, QWP are also temperature and wavelength dependent, only one calibration is not enough to achieve every high accuracy measurement. We attempt to find a self-calibration for the PSG to reduce this error in the future.
C. OBTAINING THE MATRIX S PSA
Similar to S PSG i , the output Stokes vector of the PSA S PSA i can also be obtained by multiplying the Mueller matrices of all components in the PSA shown in Fig. 1 . The Mueller matrices of the first two MO rotators before the QWP M PSA R1 and the four MO rotators after the QWP M PSA R2 in the PSA can be expressed as, respectively
where α k is the net rotation angle of first two MO rotators before the QWP and β k is the net rotation angle other four MO rotators after the QWP in the PSA. Here the PSA has a self-calibration ability, which can reduce errors caused by deviations between related parameters of components and the ideal values. QWP is a wave-plate with arbitrary retardation and the optical axis of QWP is regarded as the x-axis of the PSA, which can be expressed as:
The Mueller matrix of the polarizer in the PSA can be written as:
cos 2θ sin 2θ 0 cos 2θ cos 2 2θ cos 2θ sin 2θ 0 sin 2θ cos 2θ sin 2θ
where θ is the relative orientation angle between the QWP and the polarizer. The Stokes vector S out0 S out2 S out2 S out3 T of the output light of the PSA can be calculated by multiplying the Mueller matrices of all components of the PSA illustrated in (8) to (10) as: (2) . The photodetector only detects the light power I k passing through the PSA, so we have this relation as:
Based on (11) and (12), the output light power of the PSA I k can be expressed as:
As each binary MO rotator only has two rotation anglesφ and φ(The ideal value of φ is 22.5 • ), α k and β k can be expressed as:
where c n is 1 or 0. Based on (14) , α k has three possible values, respectively 0, 2φ, −2φ. β k has five possible values, respectively 0, 2φ, −2φ, 4φ, −4φ. Therefore, a pair of α k and β k has 3×5 = 15 possible values for light intensity I k in (13) and k = 1, 2, . . . , 15. We can translate (13) to a matrix form and the matrix form is expressed as (15) as:
where M k0 , M k1 , M k2 and M k3 can be obtained from (13) . Since there are four unknown number in (13) , only four values of I k are needed to calculate the vector S PSA i as:
The components in the PSA such as MO rotators, QWP are temperature and wavelength dependent. In addition, these components are imperfect and the related parameters are deviated to the ideal values. Therefore, in order to reduce the measurement error, a self-calibration method is applied to calculate S PSA i . The light intensity values I k in (13) are a function of these parameters and (13) can be rewritten as:
Although four independent equations as (13) are enough to calculate S PSA i , we use all fifteen equations to calibrate simultaneously these parameters in (13) by numerically solving (17) . Namely, the accurate values of these parameters α k , β k , θ, in the PSA are not known. By searching the optimized values of these unknown parameters to make 
To measure the linear birefringence induced phase retardation of the sample with high accuracy, we need to remove depolarization and diattenuation compositions of M S . M S can be decomposed into three Mueller matrices [28] : where M R is birefringence matrix, M is depolarization matrix and M D is diattenuation matrix. We can get the total retardation R from M R :
The linear birefringence induced phase retardation δ can be obtained from R based on the relation in [28] as: y) indicates the x row and y column element of M R and x, y = 1, 2, 3, 4.
III. EXPERIMENT AND DISCUSSION

A. THE VALIDATION OF PHASE RETARDATION MEASUREMENT
In order to validate the measurement results of phase retardation using this MMP system, we measure phase retardation of a voltage-controlled liquid crystal variable retarder (LCVR, LCC1223-C from Thorlabs Inc.). During the experiment, we put the LCVR on the mirror. We measure the phase retardation of the LCVR by detecting reflected light from the mirror and the light transmits the LCVR twice. We change the voltage values to LCVR during the measurements and the range of the voltage applied to LCVR is 0 to 25 V with an incremental step size of 0.1 V. A total of 250 phase retardation points are measured. During one phase retardation measurement of LCVR, the reflectivity of the mirror and the transmittance of the LCVR at one driving voltage are constants, the photo-detector detects the light intensity variation, which only caused by actions of the PSG and PSA. Therefore, the reflectivity of the mirror and transmittance of the LCVR varies with the driving voltage will not influence phase retardation measurements. We repeat the measurements of each phase retardation point 10 times and take average of 10 measurements as the final measured results for each phase retardation point as shown the blue curve in Fig. 2(a) . We also show the manufacturer's test data of LCVR as shown the red curve in Fig. 2(a) . The measured results and the manufacturer's test data have a good agreement at the majority of the applied voltage range. However, a large deviation occurs when the applied voltage is less than 1 V. The threshold voltage of LCVR is 1 V. When the driving voltage is below 1V, the liquid crystal molecules in LCVR have not polarized. From Fig. 2(a) , the measured phase retardation is not changed. The directors of liquid crystal molecules are chaotic and unstable below the threshold voltage. From Fig. 2(b) , the curve of DOP fluctuates greatly below the threshold voltage of 1 V. This unstable state will influence phase retardation measurements, so the phase retardation of LCVR above the threshold voltage are considered as validation experimental data. Small deviations at the range of more than 1 V are caused by these reasons as follows: 1) misalignments between the polarization analysis probe, LCVR and mirror, 2) mismatch between the wavelength of our laser source and that of the manufacturer's test, 3) temperature dependence of the LCVR.
Our presented MMP is mainly used to measure the surface phase retardation of optical materials in a reflection mode.
However, it is difficult to find a sample with controllable surface phase retardation. We use LCVR to validate this MMP system in the transmission mode. Other references [18] , [19] also use similar method to validate the measurement of phase retardation using a MMP in a reflection mode. They use a wave plate and a Babinet-Soleil compensator as samples in the transmission mode. Therefore, this validation method is effective and accepted.
B. MEASUREMENT REPEATABILITY
To verify the repeatability of our MMP system, we measure phase retardation on one position of a fused silica broadband dielectric mirror (BB1-E04, Thorlabs Inc.) namely plane mirror 1000 times without the stage moving, as shown in Fig. 3(a) . The probability distribution histogram of plane mirror's phase retardation is shown in Fig. 3(b) . It can be seen from Fig. 3(b) that the repeated measurements of 1000 times are roughly subject to a Gaussian distribution. The average of 1000 times test data is 0.0123 rad and the standard deviation is 0.000227 rad. The standard deviation represents the measurement repeatability of this MMP system. Birefringent optical path difference is usually represented the residual stress induced birefringence. The phase retardation δ can be converted to by a relation as:
where λ is the wavelength. The standard deviation of δ can be converted to based on (22) . The standard deviation of is 0.0560 nm. Namely, the measurement repeatability of phase retardation of our presented MMP is ± 0.0560 nm. For a commercial desktop based birefringence measurement system (Exicor R 500 AT, Hinds Instruments, Inc.), the measurement repeatability of this system is up to ± 0.015 nm [15] . The performance of our presented system is not better than that of a commercial system. Whereas, our presented MMP focuses on in situ on-machine measurements and it is a compact, simple and low cost birefringence measurement system. In addition, it has a great potential to improve the measurement accuracy by applying a PSG self-calibration in the future.
C. 2D MAPS OF DIFFERENT MATERIALS' PHASE RETARDATION, DOP, AND PDL
To verify the effectiveness of measuring different materials using our MMP, we measure 2D maps of phase retardation, DOP and PDL of different materials shown in Fig. 4. Figures 4(a) to (e) show phase retardation of the surface of silicon wafer, smooth aluminum piece, transparent VOLUME 7, 2019 plastic sheet, white tape and coarse wooden block. We list averages and standard deviations of phase retardation for different materials as shown in Table 2 . From Figs. 4(a) to (e) and Table 2 , we can see that the surface of a wooden block has the largest phase retardation among different materials shown in Fig. 4(e) . The reason is that the surface of the wooden block is coarse. The surface of the silicon wafer has smallest phase retardation among different materials shown in Fig. 4(a) . The reason is that the surface of silicon wafer is very smooth. Fig. 4(b) is 2D phase retardation map of the smooth aluminum piece, which represents the smooth surface of metal has a weak birefringence. Figs. 4(c) and 4(d) are 2D phase retardation maps of transparent plastic sheet and white tape, which represents plastic has a stronger birefringence than metal and silicon wafer. DOP represents depolarizing characteristics of materials. Figs. 4(f) to 4(j) are 2D maps of the surface DOP of different materials, corresponding to the first row Figs. 4(a) to 4(e). Since we calculate phase retardation using four SOPs, we average the four input polarization states' DOP of the PSA analysis. DOP can be calculated as:
In Figs. 4(f) to 4(j), blue in the color bar represents high DOP and red represents low DOP. We can obtain that the average DOP of the silicon wafer is 0.9875, the smooth aluminum piece is 0.9840, the transparent plastic sheet is 0.9291, the white tape is 0.9344, and the coarse wooden block is 0.5674. DOP is related to the roughness levels of materials [29] . From Figs. 4(f) to 4(j), the DOP of the silicon wafer is the largest, because the surface of the silicon wafer is very smooth. The DOP of the wooden block is minimal of these materials, because the surface of the wooden block is rough.
PDL represents diattenuation characteristics of materials. 
In Figs. 4(k) to 4(o), blue in the color bar represents low PDL and red represents high PDL. We can obtain that the average PDL of the silicon wafer is 0.1317 dB, the smooth aluminum piece is 0.1118 dB, the transparent plastic sheet is 0.3379 dB, the white tape is 0.2414 dB, and the coarse wooden block is 2.1670 dB. In the 2D PDL map of the silicon wafer shown in Fig. 4(k) , there are several bright spots with high PDL. The reason is that some coarse parts or defects on the silicon wafer. From Fig. 4(o) , the coarse wooden block has more bright spots with high PDL than other materials. The value PDL is related to the surface roughness of materials. Above all, our MMP system can detect polarization properties of different materials effectively.
We also measure the surface phase retardation of plane mirror, slide glass and tempered glass as shown in Figs. 5(a) to 5(c). Tempered or toughened glass is a type of safety glass processed by controlled thermal or chemical treatments to increase its strength compared with normal glass. Table 3 gives the averages and standard deviations of phase retardation in certain areas of these glass surfaces. From Fig. 5 and Table 3 , the surface of plane mirror has the smallest phase retardation, the slide glass is centered and the tempered glass is the largest, which is conformed to the expectation of the experiment. There may be some residual stress on the surface of the slide glass during processing, resulting in a slightly larger phase retardation than that of the plane mirror. For the tempered glass, there are strong TABLE 3. Average and standard deviation of phase retardation for different glass. FIGURE 6. Two-dimensional (2D) phase retardation maps of a transparent plastic sheet before bending (a) and after bending (b). The size of the 2D map is 10 mm×10 mm. Phase retardation after bending are much larger than that before bending.
compressive stresses on the surface, so phase retardation of the tempered glass is large. Above all, this MMP could detect the residual stress on normal glass and the compressive stress on tempered glass.
D. MEASUREMENTS OF EXTERNAL FORCE INDUCED BIREFRINGENCE ON THE TRANSPARENT PLASTIC SHEET
We also measure the birefringence changes after external force is applied on a transparent plastic sheet. The external force could lead to stress on the transparent plastic sheet. Fig. 6 shows the same position's phase retardation before and after bending the transparent plastic sheet. First, we measure the phase retardation of a transparent plastic sheet. The result is shown in Fig. 6(a) . Then we bend the middle of the previous measurement part and measure it again. The result is shown in Fig. 6(b) . Blue in the color bar indicates that the phase retardation is small and red indicates that the phase retardation is large. It can be clearly seen that the phase retardation after banding in Fig. 6 (b) becomes much larger than before bending in Fig. 6(a) . The experimental results verify that our presented MMP system can effectively detect stress induced birefringence variation of materials caused by the external force.
E. MEASUREMENTS OF THERMAL STRESS INDUCED BIREFRINGENCE ON THE SLIDE GLASS
To verify the capability of detecting tiny stress variations using the presented MMP system, we measured thermal stress induced birefringence on the slide glass. Since the process of thermal stress variation is very quick, we only measure one position's phase retardation of the slide glass without motor stage moving. We heat a position of the slide glass with a lighter. After heating to the temperature of about 300 • C, we place the slide glass on the focal length of the MMP system and measure variations of phase retardation during natural cooling. The heating temperature of the thermostat is low and the focal length of the lens is only 15 mm. In order to avoid damaging the probe of MMP during heating, the phase retardation changes during heating are not measured. The phase retardation changes at a position of a slide glass are measured during the natural cooling after heating and the phase retardation as a function of time are shown in Fig. 7 . From Fig. 7 , we can observe that the phase retardations tend to decrease and finally to a stable value around 0.05 rad. The phase retardation fluctuates greatly with time in the previous period. The reason is as follow: During the natural cooling process, the heat on the slide glass cannot be released freely, instead it will collide back and forth inside the slide glass. So the thermal stress fluctuates along with time due to the alternate change of compressive stress and tensile stress [30] , and the residual thermal stress on the slide glass manifests a fluctuation of phase retardation. The temperature is gradually decreasing and finally stable at room temperature, which manifests the curve of phase retardation as a function of time gradually levels off. The variation of thermal stress with time caused by the phenomenon of a thermal shock wave is very tiny. The successful detection of thermal shock wave verifies that the presented MMP system can detect tiny stress variations on the glass.
IV. SUMMARY
We develop a compact in situ MMP device based on binary polarization rotators, which can measure the polarization properties of free-space reflective samples by analyzing Muller matrices of samples. The compact polarization analysis probe has a small size, which is very suitable to in situ measurements in optical machining. The measured phase retardations from the presented MMP are verified by a commercial liquid crystal retarder. We measure 2D maps of phase retardation, DOP and PDL of different materials. Especially, this MMP could detect the residual stress on normal glass and compressive stress on tempered glass, which is very helpful for optical machining. This MMP can also effectively detect the external force induced birefringence on the transparent plastic sheet and thermal stress induced tiny birefringence on the slide glass.
The PSA in the MMP can be self-calibrated to automatically extract the effects of wavelength and temperature on the measurement accuracy, so the measurement accuracy of this MMP is susceptible to imperfections in the PSG. We admit that a difference between input SOPs generated by the PSG and desired polarization states still occurs, which is a main error source for our presented MMP system. To enhance the measurement accuracy of this MMP, a self-calibration method for the PSG will be explored in the future.
To achieve a compact and simple design for polarization analysis probe, the working mode in our presented MMP system is normal incidence. The normal incidence work mode is commonly used in compact MMP probes for medical clinic applications [17] - [19] . The performance of MMP with 45 • incidence work mode is better than the normal incidence, but this mode will be complex for a compact probe design. We will explore a compact MMP probe with a 45 • incidence work mode in the future. Above all, the presented MMP has a potential to become an ideal tool for on-machine optical machining measurements.
